Background. Based on the hypothesis that impaired glucose metabolism might be associated with survival outcomes independently of overt diabetes, we sought to investigate the prognostic value of routinely used glycemic parameters in a prospective study of breast cancer (BC) patients. Patients and Methods. Fasting blood glucose, insulin and HbA 1c levels, and insulin resistance (assessed by the Homeostasis Model Assessment [HOMA] index) at diagnosis were evaluated in 286 nondiabetic BC patients (249 with primary cancer, 37 with metastatic) with respect to those parameters' possible associations with clinicopathological features and survival outcomes. As a control group, 143 healthy women matched in a 2:1 ratio for age, blood lipid levels, and body mass index were also investigated. Results. Fasting blood glucose level (mean 6 SD: 99 6 26 vs. 85 6 15 mg/dL), insulin level (median: 10.0 vs. 6.8 mIU/mL), and HOMA index (median: 2.2 vs. 1.4), but not HbA 1c level, were significantly elevated in BC patients compared with control subjects. Receiver operating characteristics analysis showed comparable areas for blood glucose and insulin levels, and HOMA index (ranging from 0.668 to 0.671). Using a cutoff level of 13 mIU/mL, insulin had the best specificity (92%) and sensitivity (41%), was significantly associated with disease stage, and acted as a negative prognostic marker of progressionfree survival (hazard ratio: 2.17; 95% confidence interval: 1.13-4.20) independently of menopausal status, disease stage, hormone receptor status, and human epidermal growth factor receptor 2 and Ki67 expression. Conclusion. These results suggest that insulin determination might provide prognostic information in BC and support the hypothesis that lifestyle and/or pharmacological interventions targeting glucose metabolism could be considered to improve survival outcome of selected BC patients.The Oncologist 2016; 21:1041-1049 Implications for Practice: Pretreatment insulin levels may represent a biomarker of adverse prognosis in nondiabetic women with breast cancer, independently of other well-established prognostic factors (i.e., stage, hormone receptors, HER2/neu, and Ki67). This finding has important implications, because it provides the rationale for lifestyle or insulin-targeting pharmacologic interventions as a means of improving breast canceroutcomes not only in early stages, but also in advanced-stage breast cancer patients with aggressive tumor phenotypes (HER2-negative hormone-resistant, or triple-negative breast cancer), in which treatments are still challenging.The possibility of using insulin as a biomarker to guide insulin-targeted interventions also should be taken into account.
INTRODUCTION
General consensus exists on the possibility that type 2 diabetes (T2D) may contribute to breast cancer (BC) risk [1] [2] [3] [4] [5] [6] and prognosis [7] [8] [9] , but the underlying mechanisms are not completely understood. Hyperinsulinemia, insulin resistance (IR) [7, 8, 10] , and enhanced levels of insulin-like growth factor-1 (IGF-1) [11] have all been proposed as the underlying causative mechanisms, mainly on the basis of in vitro and animal studies supporting a role for insulin, insulin receptor, and IGFs in BC initiation [12] [13] [14] and progression [15] . These experimental findings are strengthened by indirect observations that metformin, a biguanide oral hypoglycemic agent capable of lowering insulin levels and improving IR, also might The Oncologist 2016;21:1041-1049 www.TheOncologist.com ©AlphaMed Press 2016 be effective in reducing BC incidence [8] and may beneficially act on proliferation and apoptosis markers in early BC stages [16] [17] [18] . Accordingly, metformin is being investigated in an adjuvant trial investigating invasive cancer-free survival in nondiabetic women with early breast cancer (National Cancer Institute of Canada Clinical Trials Group MA.32); the primary outcome measure is expected to be released late in 2017 [19] .
Nevertheless, information on the prognostic value of insulin, or other glucose indexes, on survival outcomes is conflicting and there are no data, yet, supporting the role of these biomarkers in guiding insulin-targeted lifestyle or pharmacologic interventions as a way of improving BC outcomes. Most of the studies, in fact, have included only T2D patients [20] [21] [22] [23] or patients with clinical features belonging to metabolic syndrome [24] , including obesity [25] [26] [27] or dyslipidemia [28, 29] , all leading to IR. Accordingly, the need for "improved study designs to address outstanding concerns surrounding the diabetes-cancer relationship" has been recently highlighted in a joint Consensus Statement of the American Association of Clinical Endocrinologists and the American College of Endocrinology [30] .
Based on currently understood mechanisms for BC development in T2D, and aware of the inconsistent results reported in previous studies because of different study cohorts (e.g., choice of control subjects or mixed groups of patients with or without T2D), we decided to explore the potential prognostic value of routinely used glycemic parameters in women with BC in the absence of clinically diagnosed T2D. For this purpose, we first designed a casecontrol study aimed at evaluating the behavior of glucose metabolism indexes in nondiabetic women with BC compared with a healthy control population matched for age, body mass index (BMI), and blood lipid profile to minimize possible metabolic-related confounders. Based on the hypothesis that an association between pretreatment fasting blood glycemic indexes (blood glucose, insulin, and HbA 1c levels, and Homeostasis Model Assessment [HOMA] index) and BCrelated survival outcomes might exist independently of the presence of an overt T2D, the prognostic value of routinely used glycemic parameters toward progression-free survival was then prospectively evaluated.
PATIENTS AND METHODS
Since January 2007, the Policlinico Tor Vergata Biospecimen Cancer Repository (PTV Bio.Ca.Re.) and the Interinstitutional Multidisciplinary Biobank of the IRCCS San Raffaele Pisana (SR-BioBIM) in Rome, Italy, have been actively involved in the recruitment of ambulatory patients with primary or metastatic cancer who are prospectively followed under the appropriate institutional ethics approval as part of a clinical database and biobank project. Among these, a cohort of 286 consecutive BC patients was selected for the study. Inclusion criteria for the BC patients from whom serum samples were stored in our biobanks were age older than 18 years, an Eastern Cooperative Oncology Group performance status of #2, and adequate hematological, hepatic, and renal functions. T2D (HbA 1c level $6.5%, or fasting blood glucose level $126 mg/dL, or treatment with a hypoglycemic agent) or impaired glucose tolerance (IGT) (fasting blood glucose level: 100-125 mg/dL), history of alcohol or drug abuse, and concurrent infectious or inflammatory diseases were all considered as exclusion criteria for the current analysis.
BC was staged according to the TNM classification. Breast surgery was performed in 249 women with primary BC (24% underwent mastectomy, 76% underwent lumpectomy). The remaining 37 patients had relapsing/metastatic disease and entered the study before the start of chemotherapy. Among the nonmetastatic population, 48 (19%) and 201 (81%) of the 249 women received neoadjuvant and adjuvant therapies, respectively. Adjuvant chemotherapies, including those with anthracycline and those without, were instituted in 105 (52%) and 96 (48%) of the 201 patients with and without lymph node involvement, respectively. Among women with node-negative disease, 46 of 142 (32%) underwent adjuvant endocrine therapy only (tamoxifen or aromatase inhibitor). Patients with human epidermal growth factor receptor 2 (HER2/neu) positivity were all treated with trastuzumab-containing regimens. First-line chemotherapy was instituted in all patients with metastatic disease. Details on anticancer drugs used are reported in supplemental online Table 1 . All patients were prospectively followed for a median of 3.92 years.
As a control group, 143 unrelated women from the same geographical area as the patients, paired for age, BMI, and blood lipid parameters, were recruited in a 2:1 ratio from apparently healthy individuals enrolled in the SR-BioBIM. Clinical and laboratory characteristics of patients and control subjects are summarized in Table 1 .
The study was performed in accordance with the principles embodied in the Declaration of Helsinki. All patients gave written informed consent, previously approved by our institutional ethics committees.
Blood Sampling and Assessment of Glycemic Indexes
Fasting serum samples were obtained from each recruited subject, aliquoted, and stored at 280°C in the facilities of the PTV Bio.Ca.Re. or the SR-BioBIM. Samples from BC patients were obtained at baseline before any treatment.
Routine chemistry studies, including fasting blood glucose (hexokinase/glucose-6-phosphate dehydrogenase-based methodology; Abbott Laboratories, Abbott Park, IL, http:// www.abbott.com), were performed with an ARCHITECT c8000 System (Abbott Laboratories) on fresh samples within 1 hour from blood withdrawal. Fasting insulin levels were analyzed on serum samples using a fully automated Lumipulse G 600 II chemiluminescent enzyme immunoassay analyzer (Fujirebio, Tokyo, Japan, http://www.fujirebio.co.jp/english/index.html) according to the manufacturer's instructions.
The HOMA index (a marker of insulin resistance) was retrospectively calculated for each participating subject from fasting blood glucose and insulin according to the following formula: glucose (mg/dL) 3 insulin (mIU/mL) / 405 [31] . The Oncologist ®
Assessment of Prognostic Indexes
Immunohistochemical analyses were performed on formalinfixed, paraffin-embedded tumor sections for hormone (estrogen and progesterone) receptors [32] , HER2/neu expression, and proliferation index (Ki67). HER2/neu positivity was defined according to the American Society of Clinical Oncology -College of American Pathologists guidelines as 31 or 21 immunohistochemical staining with evidence of gene amplification on fluorescence in situ hybridization [33] . Immunohistochemical detection of Ki67 was performed on the Ventana BenchMark XT automated staining platform (Roche Diagnostics, Mannheim, Germany, http://www.roche.com) according to manufacturer's instructions. Ki67 proliferative index in surgical specimens was assigned by the pathologist on the basis of the percentage positive on at least 500 neoplastic cells counted in the peripheral area of the nodule. A cutoff value of $20% was used in all association analyses, according to the recommendations of the St. Gallen International Expert Consensus on the primary therapy of early BC 2013 [34].
Statistical Analysis
The sample size of the study was based on the agreement to inclusion criteria and willingness to provide informed consent, rather than on sample size calculations. However, estimation was later performed and showed that, given the observed means of patients and control groups for insulin values and using a type I error probability of .05, the recruited population yielded a statistical power greater than 95%. Data are presented as percentages, mean 6 SD, or median and interquartile range. Student's unpaired t test and analysis of variance (ANOVA) were used for normally distributed variables. Appropriate nonparametric tests (Mann-Whitney U and Kruskal-Wallis ANOVA and median tests) were used for all the other variables. The cutoff values were generated from continuous data by ROC curveanalysesperformed withMedCalc Statistical Software version 13.1.2 (MedCalc Software, Ostend, Belgium, http://www.medcalc.org).
Progression-free survival (PFS), representing the study endpoint, was calculated from the date of enrollment until relapse or progression ofdisease. If a patient had not progressed or died, PFS was censored at the time of the last follow-up. PFS curves were calculated by the Kaplan-Meier method and the significance level was assessed according to the log-rank test using a computer software package (Statistica 8.0; StatSoft, Tulsa, OK, http://www.statsoft.com). Cox proportional hazards analysis was performed by a free Internet-based application (http://statpages.org) to evaluate the association between clinicopathological variables and PFS. For administrative censoring, follow-up was ended on March 31, 2015. All tests were two-tailed and only p values less than .05 were regarded as statistically significant.
RESULTS
Of 329 prospectively recruited BC patients, 34 (10%) had an established diagnosis of T2D and were excluded from the analysis. Fasting blood glycemic indexes (blood glucose, insulin, and HbA 1c levels, and HOMA index) were retrospectively reviewed, demonstrating the presence of an impaired glucose tolerance in 9 patients (3%); these 9 were also excluded, leaving a total of 286 BC patients eligible for analysis. A diagram of the patients' recruitment is depicted in supplemental online Figure 1 . No patient was lost to follow-up.
Fasting glucose (p , .0001) and insulin (p , .0001), but not HbA 1c , levels were higher in nondiabetic patients with breast cancer compared with nondiabetic patients without breast cancer ( Table 2 ). Of interest, median pretreatment insulin levels increased with BC stage (stage I: 8.1 mIU/mL; stage II: 8.6 mIU/mL; stage III: 12.2 mIU/mL), and were highest in patients with metastatic disease (median insulin level: 16.7 mIU/mL; Kruskal-Wallis test: H 5 20.4, p 5 .0004), whereas fasting glucose levels did not differ across early stages, but did differ in comparison with metastatic disease (Kruskal-Wallis test: H 5 9.7, p 5 .045) (supplemental online Fig. 2 ). Accordingly, HOMA index was increased in patients with BC in association with the stage of disease. Given the lack of association with BC, HbA 1c levels were excluded from subsequent analyses.
As summarized in Table 3 , the areas under the curve for fasting blood glucose and insulin levels and HOMA index were: 0.669, 0.668, and 0.671, respectively. Bayesian analysis further demonstrated that insulin level (cutoff: 13 mIU/mL) and HOMA index (cutoff: 3) had the highest sensitivities and specificities: They were associated with a sixfold higher risk for BC.
The relationship between glycemic indexes and clinicopathological features of BC was further analyzed after variable categorization. Cross-tabulation analyses are reported in supplemental online Table 2 , confirming the association between elevated pretreatment glucose level (p 5 .001), insulin level (p , .0001), or HOMA index (p , .0001) and stage of disease. No associations were observed between glycemic indexes and any of the BC prognostic factors analyzed in this study.
Overall,the medianfollow-upwas 3.92 years.Among patients with primary BC, 219 of the 249 (88%) remained clinically free of disease, and 30 of the 249 (12%) had recurrence or new primary breast cancer (one second primary BC after 1 year). Among patients with relapsing metastatic BC, 1 had stable disease, 9 of 37 (24%) had a complete or partial response during The Oncologist ® chemotherapy, and 27 (73%) had BC progression. Elevated insulin levels and impaired HOMA index, but not fasting glycemia, were approximately two times higher in patients who had BC progression compared with patients in whom the disease did not progress (supplemental online Table 2 ). Univariate Cox proportional hazards survival analyses showed that elevated pretreatment insulin levels (HR: 3.41; 95% CI: 2.01-5.79), but not blood glucose level (HR: 1.65; 95% CI: 0.97-2.78), had a negative prognostic value in terms of PFS. These results were largely unmodified after adjustment for other variables known to be associated with PFS, including disease stage, hormone receptor and HER2/neu status, and Ki67 proliferation index (HR for insulin levels .13 mIU/mL: 2.17; 95% CI: 1.13-4.20; overall model fit: p , .0001) ( Table 4 ). Ferroni, Riondino, Laudisi et al. Figure 1A demonstrates the Kaplan-Meier PFS curves for BC patients stratified on the basis of pretreatment insulin levels. As shown, patients with insulin levels .13 mIU/mL had a worse 5-year survival rate compared with patients with insulin levels below this cutoff (55% vs. 85%; log-rank: 4.8; p , .0001). Similar results were confirmed in a subset of patients with primary nonmetastatic BC when analyzed for progression-free survival (log-rank: 3.6; p 5 .0003) (supplemental online Fig. 3) . Figure 1B -1Dshowsthe Kaplan-MeierPFScurvesofpatients with negative HER2/neu status (Fig. 1B) , positive hormone receptors (Fig. 1C ), or menopausal status (Fig. 1D ) categorized on the basis of insulin levels. Of interest, postmenopausal women with pretreatment insulin levels ,13 mIU/mL had the most favorable survival outcome (5-year PFS rate: 92%), whereas premenopausal women with insulin levels above this cutoffhadtheworstsurvival(5-yearPFSrate:36%;log-rank55.87; p , .0001).
Thenegativeprognosticvalueofinsulinwasfurtherconfirmed in subgroup analyses of patients categorized according to the main prognostic clinicopathological variables. As summarized in Table 5 , patients with pretreatment insulin levels .13 mIU/mL had worse 5-year survival rates irrespective of hormone receptor status or Ki67 proliferation index. On the other hand, prognostic value was lost in patients with metastatic disease or HER2/neu positivity.
DISCUSSION
Despite the availability of a large amount of data on the presence of a causal link between IGT or T2D and BC risk [35] [36] [37] , the role of sustained hyperglycemia, hyperinsulinemia, or IR in BC prognosis is far less investigated [38] , especially in nondiabetic BC patients. Indeed, only a few studies-mostly from a single research group-have been performed in cohorts of BC patients with metabolic characteristics comparable to those of the general population, while the majority of the articles available in the international literature have focused on the association between BC and glucose metabolism in patients with clinical features belonging to metabolic syndrome [24, 39] , obesity [25] [26] [27] 40] or dyslipidemia [28, 29] , all of which recognize IR as a common factor.
Here, we report the results obtained in a cohort of nondiabetic women with BC, demonstrating that BC patients had increased, albeit not pathological, pretreatment fasting blood glucose and insulin levels compared with control subjects matched for age, BMI, and lipid profile, with the higher pretreatment levels resulting in higher HOMA indexes. A condition of IR (HOMA index .2.5) was found in 36% of normal weight and 50%-61% of overweight/obese BC patients, respectively (p 5 .039). Nonetheless, multivariate regression The Oncologist ® analyses specifically designed to analyze the major determinants of glycemic indexes, including menopausal status, disease stage, BMI, and blood lipids, showed that BMI was not an independent predictor of either insulin level or HOMA index in our patient cohort (supplemental online Table 3 ), suggesting that BMI would not represent a confounding factor in association analyses between insulin level and BC clinical outcome. Finally, HbA 1c concentrations did not differ between patients and control subjects, and only 4 patients (1.4%) had isolated HbA 1c levels between 6.5% and 7.0%, which were not reproduced at second testing, thus confirming, in agreement with the most recent guidelines for T2D diagnostic criteria [41] , that the differences observed were not due to unrecognized diabetes in our study population. The major findings of our study were a significant association between pretreatment insulin levels and advanced disease stage, translating to a positive association of HOMA index, and the demonstration that pretreatment insulin levels (HR: 2.2) and HOMA index (HR: 1.91; 95% CI: 1.06-3.42) (data not shown) might act as negative prognostic factors for PFS, independently of other well-established prognostic factors (i.e., stage, hormone receptors, HER2/neu and Ki67 expression). Indeed, patients with insulin levels above a cutoff of 13 mIU/mL had a twofold increased risk for disease progression (5-year survival rate: 55%) compared with patients with insulin levels below this cutoff (5-yearsurvivalrate:85%),corroboratingtheexperimentalfindings of an insulin role in tumor growth and metastasis either directly, by stimulation ofcell proliferation and/or inhibition of apoptosis [2, 13] , or indirectly through the elevation of endogenous sex steroid hormones caused by insulin-mediated reduction of hepatic sex hormone-binding globulin [6] .
The hypothesis that insulin might represent a mediator of adverse prognosis in nondiabetic women with BC had been advocated by Goodwin et al. [42, 43] , who suggested that patients with locoregional BC and fasting insulin levels in the upper quartile (.7.8 mIU/mL) had a twofold increased risk for distant recurrence compared with those in the lower quartile (,4.0 mIU/mL). According to Goodwin et al. [42, 43] , the high insulin levels found in BC reflected an underlying IR state because they were associated with other components of the IR syndrome, namely BMI, waist circumference, or waist-to-hip ratio. In favor of their hypothesis, these authors also reported significant correlations between fasting insulin and triglyceride levels, or high density lipoprotein cholesterol levels, both additional components of the IR syndrome.
Although our results are in agreement with the hypothesis of a negative prognostic value of insulin,they are partially divergent from those obtained in the study by Goodwin et al., because neither overweight/obesity (assessed by BMI) nor blood lipids were independent predictors of insulin levels at multivariate analysis, with the only exception being a borderline association with triglycerides (supplemental online Table 3 ). This might be partially explained by differences in the populations recruited, because the studies performed by Goodwin and coworkers included younger women (approximately 61% premenopausal) with early BC stages [42] [43] [44] , whereas our population was older (55% postmenopausal) and encompassed all stages of disease, including metastatic disease. In fact, postmenopausal status (regression coefficient: 0.193; p , .001) and stage of disease (regression coefficient: 0.168; p 5 .02) were the sole independent predictors of fasting glucose level, which, in turn, was the strongest predictor of insulin level (supplemental online  Table 3 ), a finding that is in agreement with a previous report demonstrating that menopause, when the hormonal and metabolic imbalances become stronger, but not age, is directly involved in augmented fasting blood glucose levels in nondiabetic women [45] .
Despite the observed differences,the resultsofourstudyare in agreementwith,and extend,those reportedbyGoodwin etal. [42, 43] , suggesting that pretreatment insulin levels might have a prognostic role not only in early BC but also in advanced stages of disease, thus reinforcing the rationale for lifestyle or insulintargeting pharmacologic interventions as a means of improving breast cancer outcomes. In this light, it is worth mentioning an in vitro studyon BC cells showing how insulin priming potentially contributes to the estradiol-induced cancer growth by modulating estradiol-insulin signaling crosstalk [46] .
A further implication for BC clinical management that might arise from the present study is the possibility of using pretreatment insulin level as a biomarker to guide insulintargeted interventions in selected groups of BC patients. It is well known that hormone receptor status and HER2/neu expression are associated with patients'outcome. In particular, the lack of expression of estrogen and progesterone receptors has been associated with poorer prognosis [47] , and HER2 overexpression has been associated with increased recurrence and mortality [48] . In this context, Goodwin et al. [43] reported that the prognostic association for disease-free survival of obesity-related variables (including insulin) did not differ in women with hormone receptor-positive versus -negative cancers, suggesting that insulin-targeting interventions should be evaluated in all patients independently of hormone receptor status [43] . These findings were in disagreement with those reported by other groups suggesting that obesity and BMI at diagnosis are associated with inferior outcomes in [49, 50] . In agreement with the latter studies, the results of our study seem to suggest that the prognostic value of insulin is maximized in hormone receptor-positive BC. However, the small sample size of hormone receptor-negative patients might have caused an underestimate of the prognostic significance of pretreatment insulin levels in this subset of patients.
On the other hand, and to best of our knowledge, this is the first report suggesting that pretreatment insulin levels might have a prognostic value in HER2-negative patients. The use of a 13 mIU/mL cutoff for insulin was capable of discriminating a subset of women with a more favorable outcome, with a 5-year progression-free survival rate of 87% (median time to progression: 34 months) in patients with low pretreatment insulin levels compared with 52% of BC patients with elevated insulinemia (median time to progression: 14 months; p # .0001). These results are barely comparable with the currently available clinical and experimental evidence, because there are no data onthe prognostic value of insulin level or IR in HER2-negative BC. The few data available point to a higher prevalence of metabolic syndrome [51] or obesity [52] in triple-negative BC (TNBC) patients as opposed to non-triple-negative patients; it has been advocated that obesity-related defective estrogen surveillance might allow steroid receptor-negative BC to more easily escape detection than steroid receptor-positive BC [52] . Meanwhile, it has been shown that metformin is able to inhibit proliferation and colony formation of TNBC cells in vitro [53] , a finding that was confirmed in mice models in which metformin treatment resulted in decreased growth of TNBC xenografts and decreased tumor formation if administered before tumor cell injection [54] . In agreement with these findings, elevated pretreatment insulin levels in TNBC patients enrolled in our study were associated with a worse PFS (5-year survival rate: 33%; median time to progression: 13 months) compared with TNBC patients with low insulin levels (5-year survival rate: 80%; median time to progression: 34 months; p 5 .002), but the rate of TNBC was too small and the statistical power too low to draw any conclusion (HR: 2.27; 95% CI: 0.63-8.20). Nonetheless, the findings reported here allow us to speculate that lifestyle interventions and insulin-targeting drugs, namely metformin, may prove beneficial not only for the treatment of early BC stages, as recently suggested on the basis of the positive metabolic effects of metformin in this particular cluster of patients [19] , but also in subsets of patients characterized by more aggressive tumor phenotypes, such as HER2-negative hormone-resistant tumors, or TNBC, in which treatments are still challenging.
There are, of course, some limitations to our study that need to be acknowledged. The most obvious resides in the relatively small sample size that might have weakened the statistical power, leadingto borderline significance.The strength ofouranalysisisrepresentedbythe use ofsamplescollectedand processed using standard operating procedures in the context of two large biobanks. In addition, tests were run by a single laboratory under ongoing quality control protocols, which minimized the difference in sample analyses.
CONCLUSION
Pretreatment insulin levels might have a negative prognostic value in BC patients. These results, however, should be regarded with caution and detailed experimental evaluation is needed before the ultimate prognostic significance of insulin in breast cancer can be established. Additional studies are required to prospectively evaluate the clinical value of pretreatment insulin levels in BC. Nevertheless, we believe that its determination could provide important information in risk stratification, and we encourage future investigations addressing the role of insulin in the management of BC patients and in providing the rationale for new therapeutic strategies.
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